Abstract
Introduction
Membrane distillation (MD) is a thermally driven separation technique using microporous hydrophobic membranes and performing on the principles of vapor-liquid equilibrium under different configurations. In this process, only volatile compounds (mainly water) of the feed stream evaporate at the membrane pore entrance, cross the membrane pores in vapor phase to finally be either condensed or removed as a vapor from a membrane module. The hydrophobic nature of the membrane prevents the pores from wetting by capillary forces. MD is known as a promising technology for many applications such as desalting seawater, brackish water, highly saline water [1, 2] , and removing organic compounds and heavy metals from aqueous solutions [3, 4] . MD has also been used to manage waste water such as radioactive waste waters, oily waste waters [5] , where the product could be safely discharged to the environment or the waste streams could be reused in an appropriate industrial activity. In biotechnology and food processing applications, MD has also been found as a promising tool, for instance, for removing ethanol and other metabolites from fermentation broths [6] , for gentle concentration of valuable compounds in fruit juices [7] , and in herb extract such as Ginseng [8] .
MD has many attractive features as compared to conventional separation processes. Low operating temperatures (~30-70°C) is one of them since the feed is not necessarily heated up to the boiling point like in thermal distillation. Thus, MD may advantageously utilize alternative energy sources, such as solar energy, geothermal energy, waste heats from power plant, etc. [9] . Compared with pressure driven membrane filtration processes such as nanofiltration or reverse osmosis, lower operating pressure translates to lower equipment costs and increased process safety. It is worth highlighting that membrane fouling in MD seems to be less of a problem for many applications than that in pressure-driven filtration processes [10] .
MD is, however, attended by some drawbacks. Compared to reverse osmosis, MD is known to have a lower permeate flux, and the susceptibility of permeate flux to processing conditions, particularly to temperature and concentration, is considerably high. Also, the trapped air within the membrane pores introduces a further mass transfer resistance, which limits the MD permeate flux. Moreover, the heat loss by conduction through the membrane material can be quite large, especially in direct contact membrane distillation. Until now, little efforts have been made in manufacturing membranes and modules specifically designed for MD, however, the number of publications on the applicability of MD for various separation tasks increases rapidly. In MD practice, it is very common to use commercially available microporous hydrophobic membranes originally manufactured for microfiltration purposes. It should be also noted that there are some recent investigations aiming at developing new MD membrane materials and modifying microfiltration membranes in order to obtain improved non-wettability characteristics of membrane surfaces that may find MD applications in the future. These include, for example, migrating fluorinated surface modifying macromolecules to the top of the membrane surface [11] , CF 4 plasma surface modification [12] , and creating superomniphobic characteristics of nanotube-structured TiO 2 surfaces [13] .
Wetting of membrane pores by the liquid streams is a crucial issue in MD treatment. If membrane pores are wetted by the feed or permeate stream, liquid is able to penetrate into the pores thereby the membrane cannot function as a MD membrane anymore. In this case, the wetted membrane behaves in a fashion as a conventional microfiltration membrane. 
Theory
In MD, vapor pressure difference, as a result of temperature gradient, transports only volatile molecules from the high temperature feed aqueous stream across the microporous hydrophobic membrane to produce purified condensed liquid on the low temperature liquid stream distillate side. DCMD, which condenses the vapor directly into a cold liquid stream, is the most common configuration for MD. Figure 1. shows the liquid/vapor interfaces at the entrance of the pores formed in DCMD configuration.
The main requirement in this process is that the membrane is not wetted by liquid mixtures, thus, the hydrophobicity of the membrane is a decisive factor to make the MD process viable. Mostly hydrophobic polymers, such as polytertaflourethylene (PTFE), polyvinylideneflouride (PVDF), polypropylene (PP) and polyethylene (PE) membranes are used in MD treatment.
Theoretical description of liquid entry pressure
The pressure difference between liquid-vapor interfaces is expressed according to the Laplace-Young equation. Liquid entry pressure (LEP) is the minimum value of hydrostatic pressure difference which the feed liquid penetrates into the largest pores of the membrane. This critical pressure difference is related to the interfacial tension, the contact angle of the liquid at the pore entrance, and the size and shape of membrane pores.
Franken et al. [14] has suggested a model to determine LEP value based on Laplace-Young equation:
where LEP w is the liquid entry pressure of pure water in Pa, B is a dimensionless geometrical factor which includes the irregularities of the pores (B = 1 for assumed cylindrical pores), γ L is the liquid surface tension in N m -1 , cosθ is the contact angel in degree, r max is the maximal pore (non-closed) radius in m.
Even though do not explicitly occur in Eq.
(1), operating temperature and process solution composition, can have a significant impact on liquid-solid contact angle and liquid surface tension. These effects should not be overlooked when selecting a membrane.
Another theoretical model has been published by Kim et al. [15] . They have studied a model for membranes with noncylindrical pores. They supposed that the membrane structure is a reticular fiber structure, and deduced an equation similar to the Laplace-Young equation:
where ΔP is the pressure difference across the interfaces, γ L is the liquid-vapor surface tension, θ ef is the effective contact angle, and r is the pore radius, which is defined as half of the mean distance between fibers. θ ef can be expressed in terms of contact angle, θ, and always θ ef > θ.
If hydrostatic pressure difference exceeds LEP w , wetting occurs. Zha et al. [16] have introduced that if the geometry of the pore is axially irregular, a structure angle, α, may be defined. Figure 2 . explains clearly that this α angle can be measured in between a pore wall element and the normal to the membrane surface in the axial direction. The force due to the pressure difference across the interfaces will be equal to the surface force, so that, the pressure difference between the interfaces can be written as:
where ΔP is the pressure difference between the liquid-vapor interfaces, r is the mean pore radius, θ A is the advancing contact angle, R is the mean curvature radius of pore wall element, and α is the average α since its value may change along the pore. The parameter R/r is the measure of the relative curvature of the membrane pore structure. Larger values of R/r correspond to rounder edged pores.
The surface tension of aqueous solutions of inorganic salts is greater than that of pure water (72 mNm -1 ), thus, they have a limited ability to wet membrane pores. However, surface tension, γ L , decreases sharply when solutions contain organic solutes or surfactants. If the concentration of surfactants becomes sufficiently high to exceed a certain critical value, a spontaneous wetting of membrane occurs [17] . Wetting can be directly measured by contact angle. Contact angle is expressed as interaction between the liquid phase and the solid membrane surface. This value has to be larger than 90°; recommended value is around 130°. In extreme cases it is able to reach value of 180° [18] . In general, smaller pore size, greater contact angle and surface tension increase the value of LEP.
The wetting of the pores leads to reduced product quality, thus, it is advantageous to use membranes with LEP W value as high as possible. The theoretical value of LEP W is 1.85 bar considering pure water, cylindrical pores (B=1), 130° contact angle, and 1 µm pore diameter [10] . In practice, the experimentally measured LEP W values of flat-sheet membranes are in between 0.48-4.63 bar. 
If liquid penetrates into the pores, the selectivity of the membrane changes. In this case, the process operates like in microfiltration because the trapped air and vapor are removed from the pores. Wetting phenomenon is illustrated in Figure 3 ., which shows the effect of increasing, and then subsequently decreasing hydrostatic pressure on the feed side of a MD membrane. First, the pressure is increased no water can flow through the membrane until LEP w is exceeded (1). At this point liquid begins to penetrate the largest pores and is able to pass through the membrane. As the pressure is increased further, more and more pores become flooded and the liquid flux increases accordingly (2) . Once all the pores have become flooded, the liquid flux across the membrane obeys Darcy's law, and decreasing the pressure results in a linear decrease in flux (3) [10].
Experimental determination of LEP
Up to now, only a few methods have been published for determining LEP w . Most of them are based on a simple method, first presented by Smolder et. al [21] . Figure 4 . illustrates the sketch of LEP w measurement for a flat sheet membrane by Khayet and Matsuuura [22] . The examined membrane lies between an upper and a lower chamber in the static testing cell. The upper chamber is filled up with distilled water, and the lower is connected to a digital flow meter. The upper chamber is connected directly to an air cylinder which generates pressure. First, a low pressure of air is applied (30 kPa) at least for 10 minutes. Then, the pressure is increased in the upper chamber in small steps (0.68 kPa). The LEP W value is found, when a continuous flow can be detected in the lower chamber with the digital flow meter.
A similar method has been presented by Garcia-Payo et al. [17] . In their investigations, a small capillary with 1 mm of inner diameter is connected to the lower chamber. This capillary is filled up with water. In this capillary a stagnant meniscus is observed without applied pressure. The hydrostatic pressure is increased in small steps in the upper chamber during the experiment. When pressure exceeds the "break-through value" the stagnant meniscus moves up. This movement is measured by cathetometer, and LEP w value can be determined. The membrane cell is filled up with 20 m/m % NaCl solution and submerged in a water bath. N 2 gas is used to increase the hydrostatic pressure in the membrane cell similarly to the previous methods. A magnetic stirrer is used to ensure an appropriate mixing in the water bath. When the pressure reaches the LEP value in the membrane cell, salty water is able to penetrate through the pores, and the conductivity of water bath increases rapidly. A conductometer is used to determine the change in conductivity in the water bath caused by the presence of salts. The sudden change in conductivity can then be related to the LEP value. 
Regeneration of the wetted membranes
If the hydraulic pressure, for some reasons, exceeds the respective LEP value of the membrane, the membrane pores become wetted. Thus, MD can no longer be performed [24, 10] , and the membrane obeys Darcy's law. In order to recover MD properties, the membrane has to be first regenerated, i.e. liquid water has to be removed from the pores, and the liquidvapor interfaces have to be restored. Little attention has been devoted yet to such regeneration issues in the open literature. On lab-scale, it is common to dismount the lab rig and to let the flat-sheets completely dry out at elevated temperatures within longer periods of time. It is also recommended to filtrate ethanol through the wetted membrane prior to drying in order to remove water rests from the pores that otherwise can be hardly eliminated by drying procedure. Obviously, such procedures applied in laboratory-scale investigations have limited applicability at larger scale, especially for complex module geometries. To the best of our knowledge, no standard procedures are provided on how wetted MD modules can be regenerated in practice.
Experimental
3.1 Determination of LEP w value LEP w and LEP values are crucial limiting factors in MD process design. In scale-up, the maximal pressure-drop over the modules should not exceed LEP. In our study, the following methods were performed to experimentally determine the LEP w value of a polypropylene (PP) hollow fiber and PVDF flat sheet membranes.
3.1.1 Determination of LEP w value and hysteresis curve of wetting for hollow fiber module MD 020 CP 2N hollow fiber module (Microdyn-Nadir GmbH, Wiesbaden, Germany) was examined. This module contained 40 pieces of hydrophobic porous membrane fibers made of PP. The nominal pore size of the membrane was 0.2 µm, and the useful membrane area was 0.1 m 2 . The internal and the external capillary diameter were 1.8 mm and 2.6 mm, respectively. Temperature was kept at 25°C. Volumetric flow-rates were fixed at laminar flow condition with 36 L/h volumetric flowrate. It resulted flowing condition with Re Feed =260 on the feed side and Re Permeate =170 on the permeate side. It was presumed that this slight difference had no significant influence on the measured LEP values. The LEP w tests were performed using the experimental set-up is presented in Figure 6 .
The set-up was similar to a usual direct contact membrane distillation plant. Feed and distillate streams flew co-currently. Feed stream was circulated in the fibers. A gear pump (Ismatec MCP-Z, Switzerland) was used for the feed stream circulation, and a peristaltic pump (Watson-Marlow 501U, UK) was used at the distillate stream. For increasing the pressure in the fibers to reach LEP w value, a pressure regulator was employed at the outlet of the feed side channels. The feed stream contained low amount of sodium chloride for the determination of LEP w -conductivity of the feed stream was 0.36 mScm -1 at 24.7°C measured by Hanna HI 99301 EC meter (Hanna instruments, Woonsocket, Rhode Island, USA). It was assumed that there is no significant effect of salt concentration on LEP w value in this low salt concentration range. Distilled water was circulated in 
. A digital balance was used for the determination of liquid flux measuring hysteresis curve. The temperature and pressure sensors (Wika GmbH, Germany) as well as the digital balance (Mettler-Toledo, Switzerland) were connected to Lab-manager (HiTech Zang GmbH, Germany) interface and the measured values were monitored by LabVision (HiTech Zang GmbH, Germany).
The experiment was performed in two consecutive steps: first identifying the LEP W value, and then, determining the hysteresis curve. Both streams were recirculated during the experiment. The transmembrane pressure was increased stepwise in every five minutes until LEP w value was reached. In the moment when LEP W was reached, a rapid increase was observed in the conductivity value of the distillate stream and in the total mass of the distillate. Pressure, temperature, and mass readings were recorded by LabVision monitor system.
Determination of LEP w for flat sheet membrane -static method
Durapore TM GVPH flat sheet membrane (Merck Millipore Inc., Billerica, USA) was also examined. The membrane material is made of PVDF. The nominal pore size of the membrane is 0.22 µm, and the active membrane area is 0.00444 m 2 . The measurements were carried out at room temperature (21-24°C). The controlling system was the same as that described in Sect. 3.1.1. The LEP experiments were performed using the experimental set-up presented in Figure 7 . The upper part of the membrane module was filled up with distilled water to be in direct contact with the examined membrane. The outlet of the upper part was closed with a valve and a stagnant water layer formed at the top of the membrane. First, a low pressure was applied (0.2 bar) for 10 minutes using compressed air as shown in Figure 7 . Then, the pressure of the upper part was increased in every 5 minutes with 0.1 bar until the LEP w was reached. At this moment, water started to penetrate the pores and press out the air trapped there. The released air flew through the downer space tube of the module and bubbled through the container underneath filled with distilled water. It was then followed by a moving meniscus in the permeate tube until all liquid from upper part passed through the membrane.
3.1.3 Determination of LEP w and hysteresis curve of wetting in case of flat sheet membrane -dynamic method Figure 8 . illustrates the method of the dynamic measurement. The flat sheet module described in Sect. 3.1.2. was used here. The feed liquid was recirculated with volumetric flow rate 35 L/h which resulted flow condition with Reynolds number of 500. The feed side hydrostatic pressure was increased stepwise (0.2 bar) in every five minutes until the feed side pressure was reached 1 bar, the maximum set which could be generated on feed side hydrostatic pressure in this set-up. Thereafter on the permeate side a vacuum was applied and increased stepwise the hydrostatic pressure difference to finally reach the LEP. In this moment a moving liquid meniscus could be noticed in the permeate side tube.
Once LEP W was reached, the filtration performance of the membrane could be tested. The permeate flux of the wetted membrane was recorded at different pressures by using the balance placed under the permeate reservoir.
Regeneration of the wetted membrane
Two different types of regeneration procedures were applied to the wetted MD 020 CP 2N hollow fiber and Durapore TM GVPH flat sheet membranes as explained below: a frequently used drying procedure applying elevated temperature and a novel method developed by our team which uses vacuum to evaporate the residues of the liquid from the wetted pores. Both of the regeneration techniques were carried out after LEP w measurements, i.e. after pores were flooded by the feed.
Regeneration based on solvent evaporation at elevated temperature
Regeneration of both membranes (MD 020 CP 2N and Durapore TM GVPH) using hot air stream was investigated. The effect of an additional ethanol treatment on success of regeneration was also investigated.
In case of applying ethanol, prior to drying in the oven, ethanol (96 v/v%) was first filtrated through the membrane (30 min, 0.3 bar in total recycle mode), then membranes were stored further in ethanol (96 v/v%) for one day. After it, the membranes were dried out in a laboratory oven at 50°C in 48 hours. In case of Durapore TM GVPH, the flat sheet module was first disassembled and the membrane discs were then placed in the oven. In case of MD 020 CP 2N, the complete module was placed in the oven. After solvent evaporation, the flat-sheet module (Durapore TM GVPH) was tested in VMD configuration (T Feed =40°C, Re Feed =500, P vacuum =60mbar) and the hollow-fiber module in DCMD configuration (T feed =25°C, Re Feed =260, and Re Permeate =170) using water with low salt concentration (0.36 mScm -1 at 24.7 °C) as feed. Conductivity of permeate was finally determined and if this value was less than 0.01 mScm-1, (detection limit of the conductometer) the regeneration process was succeed.
Regeneration procedure using vacuum
Tests were performed with and without ethanol treatment prior to applying vacuum. Ethanol treatment was performed in two steps. First, ethanol (96 v/v%) was filtrated through the membranes (30 min, 0.3 bar in total recycle mode). Then, wetted membranes were stored in ethanol (96 v/v%) for one day.
The effect of vacuum applied at the feed side or the distillate side as well as their combination was investigated. The regeneration tests were performed with a laboratory vacuum pump using the set-up shown in Figure 9 . The regeneration of both hollow-fiber and flat-sheet module was carried out using this set-up. The experimental plan of the regeneration procedure using vacuum is presented in Figure 10 . All tests were performed at ambient temperature and P vacuum =150 mbar downstream pressure. First, an air stream was applied to drive out water from the modules. Then, suction with a vacuum pump was applied either from the distillate-side or from the feedside (or both). After vacuum treatment, the flat-sheet module (Durapore TM GVPH) was tested in VMD configuration (T Feed =40°C, Re Feed =500, P vacuum =60mbar) and the hollow-fiber module in DCMD configuration (T Feed =25°C, Re Feed =260, and Re Permeate =170) using water with low salt concentration (0.36 mScm -1 at 24.7°C) as feed. If wetting occurred, the regeneration procedure was repeated by increasing the suction time with 5 minutes. Conductivity of permeate was measured and if this value was less than 0.01 mScm -1 , (detection limit of the conductometer) the regeneration process was succeed.
Result and discussion
4.1 Determination of LEP w value of hollow fiber module Figure 11 . shows the experimental results of LEP w measurement for the membrane MD 020 CP 2N using the experimental set-up explained in Sect. 3.1.1. (see Figure 6. ). It can be well observed that the applied pressure difference resulted a sharp increase in liquid flux once LEP W was reached. This point indicated the "flooding" event of the membrane pores. At 0.97 bar transmembrane pressure difference, a liquid flux of 0.62 kgm
was observed. This event was also determined precisely by conductometry since a rapid increase in conductivity could be measured at the respective applied pressure difference. Compare to the value 1.40 bar suggested by the manufacturer (Table 1) , 0.97 bar poses a great difference. The difference could origin the LEP measurement technique itself. Other explanation may be that the tested membrane already has been applied for other purposes and these applications could be effect on the structure of the membrane thus the characteristic of the pores and the membrane structure could be changed.
Subsequent to the LEP W measurement, hysteresis curve was determined by measuring liquid permeate flux by changing the applied pressure. Figure 12. shows the liquid flux data as a function of transmembrane pressure difference in one graph. As Figure 13 . shows the experimental results of LEP w measurement with the dynamic method using the flat sheet membrane. At 1.90 bar transmembrane pressure difference, a sudden increase in the flux value can be observed. However this value is a bit less compare to the values 2.04/ 2.29±0.03 suggested by the manufacturer and the relevant literature data ( Table 1) . The difference could origin the LEP measurement technique itself.
Wetting of flat sheet membranes with dynamic method
Based on Figure 13 . at hydrostatic pressure difference 0.8 bar very low, but appreciable flux values can be noticed (around 0.2 kgh -1 m -2 ). These values actually origin from the vibration of the tubes generated by the vacuum pump and recorded by the digital balance. Until the 1.90 bar no liquid stream was detected at the permeate side. Figure 14 . illustrates the hysteresis phenomenon. The water permeability of wetted membrane was calculated from the liquid flux vs. transmembrane pressure data, and found to be 500 kgh
It is very common to indicate the LEP W value measured with the static measurement when evaluating the hydrophobic characteristics of the membrane material and its applicability for MD. It is important to note, however, that our dynamic method resulted in a lower LEP W value than the static method (2.37 bar vs 1.90 bar). It indicates that the mode of operation (i.e. the hydrodynamic conditions and the distillate-side vacuum formation) may influence the wetting properties of the membrane. In this context, the LEP value measured in VMD configuration likely depicts a more realistic picture about wetting phenomenon occurring in practical MD systems.
Regeneration based on solvent evaporation at elevated temperature
The MD 020 CP 2N hollow fiber membrane was regenerated by ethanol treatment and consecutive solvent evaporation as explained in Sect. 3.2.1. Then, it was tested in DCMD mode of operation. No leakage of salts through the regenerated membrane was found under the given process condition, conductivity of permeate was less than 0.01 mScm -1 (lowest displayable value of the measuring range of the conductometer) proving that regeneration was successful.
Regeneration was also carried out without ethanol soaking. After 48 hours of drying in oven at 50°C, the membrane was tested in a usual DCMD configuration. Slight leakage of salts through the regenerated membrane was found (0.03 mScm -1 at 24.7°C) under the given process condition, proving that regeneration was not totally successful. Repeated measurements with varying drying times showed that the regeneration is not feasible.
In case of the Durapore TM GVPH membrane, the module was disassembled; the wetted membrane discs was removed from the equipment, treated with ethanol, and placed in the oven. To recover the hydrophobic characteristics of the membrane, a 48 hour drying procedure was applied at 50°C. VMD configuration was used for testing MD performance of regenerated membranes. No leakage of salts through the regenerated membrane was found under the given process condition, conductivity of permeate was less than 0.01 mScm -1 (under the detection limit of the conductometer) proving that regeneration was successful.
Tests were also carried out without ethanol soaking. After 48 hours drying procedure in oven at 50°C, the dried membranes were tested in a usual VMD configuration. No leakage of salts through the regenerated membrane was found under the given process condition, conductivity of permeate was less than 0.01 mScm -1 (under the detection limit of the conductometer) proving that regeneration was successful.
Based on our results, it can be pointed out that MD 020 CP 2N hollow fiber membrane can only be successfully regenerated under the tested conditions when soaking procedure using ethanol is applied prior to solvent evaporation in the oven. In contrast, the regeneration of the Durapore TM GVPH flat sheet membranes using procedures -with and without ethanol treatment -was successful.
Regeneration using vacuum
None of the procedures shown in Figure 10 have been found to be effective in regenerating the MD 020 CP 2N membrane made of PP with useful membrane area 0.1 m 2 . Irrespectively of duration of treatment (up to 5 hour) and the direction of suction (feed-side, distillate-side, or both), the hydrophobic characteristics of the membrane cannot be recovered. Also, ethanol treatment is proved to be inefficient. Further investigations are required to find appropriate settings (e.g. using warm dry air) of the regeneration procedure.
Regeneration of the Durapore TM GVPH membranes with 0.00444 m 2 useful membrane area made of PVDF was successful using 1.5 hour vacuum treatment based on suction at both feed and distillate side. No leakage of salts through the regenerated membrane was found under the given process condition, conductivity of permeate was less than 0.01 mScm -1 (lowest displayable value of the measuring range of the conductometer) proving that regeneration was successful. Surprisingly, regeneration failed in all cases when ethanol treatment is used prior to vacuum treatment. Even 5 hour vacuum tests failed after ethanol treatments.
Conclusions
Wetting of membrane pores by liquid streams (i.e. the loss of hydrophobic characteristics of membranes) is a crucial issue in MD treatment. In the present work, the theoretical background of wetting phenomenon in MD as well as the different experimental techniques of LEP w measurement provided in the open literature have been summarized. The state-of-the-art review is accompanied with experimental data obtained from LEP measurements and regeneration tests. Two commercial hydrophobic microporous membranes, MD 020 CP 2N hollow-fiber membrane (Microdyn-Nadir GmbH, Wiesbaden, Germany) and Durapore TM GVPH flat sheet membrane (Merck Millipore Inc., Billerica, USA), were examined in our lab.
The LEP w value of MD 020 CP 2N hollow-fiber membrane (Microdyn-Nadir GmbH, Wiesbaden, Germany) in direct contact membrane distillation configuration was found to be 0.97 bar. The LEP w value Durapore TM GVPH flat sheet membrane (Merck Millipore Inc., Billerica, USA) was also investigated using static and dynamic methods. The static method resulted a greater LEP w value (2.37±0.025 bar) than the dynamic method (1.90 bar). The result of the static method is in good agreement with the data provided by the manufacturer and values found in the literature (2.04 -2.29 bar). Our novel dynamic measurement, however, indicates that LEP W value depends on the MD configuration (i.e. hydrodynamics conditions and distillate-side vacuum), thus, its actual value might be smaller under true process conditions.
Regeneration of wetted membranes is an important issue that is far less investigated in the literature. In this work, two different regeneration methods were investigated to recover the hydrophobic characteristics of the wetted membranes. The first method employs elevated temperature to regenerate the wetted membranes, while the second method uses vacuum sucking in various ways at ambient temperature for the same purpose. Optional treatment with a 96 v/v% ethanol solution was also employed to increase the performance of the regeneration methods.
It was found that solvent evaporation in laboratory oven is an effective method to recover the polypropylene hollowfiber membrane (MD 020 CP 2N by Microdyn-Nadir GmbH, Wiesbaden, Germany) if ethanol soaking prior to evaporation takes place. As for the Durapore TM GVPH flat sheet membranes (Merck Millipore Inc., Billerica, USA), regeneration processes using elevated temperature in the oven with and without ethanol treatment were successful.
The conventional regeneration method using evaporation procedure at elevated temperatures is time-consuming and has limited applicability in industrial settings since it ideally requires disassembling the modules before drying the membranes sheets. In our lab, we have tested the effectiveness of regeneration applying vacuum in various configurations. Employing a vacuum pump has been proved to be effective for recovering the hydrophobic characteristics of the PVDF membranes in the tested flat-sheet module (Durapore TM GVPH from Merck Millipore Inc., US), however, it failed in case of the hollow-fiber module (MD020CP2N from Microdyn-Nadir GmbH, Germany). Further investigations are required to find appropriate regeneration techniques that can be implemented in MD practice at large-scale.
